We perform classical molecular dynamics simulations based on the Tersoff interatomic potential to investigate the size and surface orientation dependence of lattice constant and thermal expansion coefficient of one-dimensional silicon nanostructures. Three different surface orientations of silicon are considered, i.e., Si͑110͒, Si͑111͒, and Si͑100͒ with 2 ϫ 1 reconstruction. For each surface orientation, we investigate nanostructures with thicknesses ranging from 0.3 to 5.0 nm. We compute the vibrational amplitude of surface atoms, lattice constant, and thermal expansion coefficient as a function of size and temperature, and compare them for different surface orientations. An analytical expression is developed to compute the variation of the thermal expansion coefficient with size of the nanostructure.
I. INTRODUCTION
Applications based on micro-and nanoelectromechanical systems ͑MEMS and NEMS͒ have grown substantially over the past few years. An important issue when dealing with micro-and nanoscale devices is to accurately predict their material properties as these properties can be different from macroscale devices. Both thermal and mechanical properties of a material can vary with the size of the nanostructure as finite size can break the symmetry of the crystal lattice. In recent years, several studies have been performed to predict the thermal and mechanical properties of perfect crystal lattices, e.g., silicon under various conditions such as temperature, 1 deformation, 2, 3 etc. In order to accurately predict the material properties of nanostructures, systematic investigation of the variation of material properties with size and various surface orientations is important. Thermal amplitudes of silicon surface atoms with different surface orientations have been studied to show the anisotropic properties of vibrational amplitudes along different directions. 4 An ab initio study of silicon thin films has shown that the mechanical properties vary with the film thickness. 5 Using the local harmonic model, an augmented continuum theory has been proposed for the size dependence of the coefficient of thermal expansion of nanostructures. 6 However, for silicon, the local harmonic model may not accurately predict the variation of the lattice constant with temperature. 2 Since silicon is one of the important materials that is currently being investigated for MEMS/NEMS applications, a systematic investigation of the size and surface orientation effects in silicon is important.
Several theoretical methods and techniques have been developed to investigate material properties at the nanometer scale. Ab initio method 7 is one of the accurate techniques to predict the material properties, but it is also limited in use because of the large computational cost. With the development of empirical interatomic potentials, 8, 9 which can be a reasonably accurate description of the material if the potentials are well-calibrated, methods such as lattice dynamics 10 or molecular dynamics ͑MD͒ can also be used to compute properties of nanoscale materials. Lattice dynamics methods are typically employed with a harmonic approximation of the potential and this can be an issue when the anharmonicity of the potential is important. MD simulations based on interatomic potentials can capture the anharmonicity and are much faster compared to the ab initio method. In this paper, we use MD simulation to investigate both the surface vibrational properties and the thermal expansion coefficient ͑TEC͒ of finite thickness silicon slabs ͑one-dimensional nanostructures͒ with three surface orientations at different temperatures. By investigating different slab thicknesses, we observe that the vibrational amplitude of the surface atoms remains constant when the silicon slab thickness is over 1.0 nm. The TEC of the interior of the slab, excluding the surface regions, is independent of the slab thickness if the slab thickness is over 1.0 nm. For slab thicknesses less than 1.0 nm, which corresponds to typically less than eight layers of silicon atoms, the TEC can be quite sensitive to both the thickness and the surface orientation. These observations could be useful for silicon-based NEMS applications.
The rest of the paper is organized as follows: in Sec. II, we introduce the nanostructures simulated and the MD simulation setup. Section III will present results on the vibrational amplitude of surface atoms. Section IV will discuss the lattice constant and interlayer relaxation of silicon at different temperatures. Section V will discuss the size dependence of the TEC of silicon slabs. Finally, conclusions are presented in Sec. VI.
II. SIMULATION DETAILS
Classical MD simulations are performed with the open source code LAMMPS. 11 To describe the interactions between silicon atoms, we use the Tersoff interatomic potential, 9 which has been used to predict structural properties of bulk a͒ Author to whom correspondence should be addressed. Electronic mail: aluru@illinois.edu. URL: http://www.illinois.edu/~aluru. silicon, 1 silicon surfaces, 12 and silicon defects. 13 To investigate the dependence of thermal properties on size along a particular direction ͑e.g., the thickness direction͒, we model the infinite silicon slab by applying the periodic boundary condition along the two in-plane directions. To eliminate periodicity along the thickness direction, a vacuum space of 3.0 nm is added on either side of the surface. Nosé-Hoover thermostat 14 is employed to control the temperature with the NPT ensemble. A time step of 1.0 fs is used. All the simulations were run for 2.0 ns with the first 0.3 ns used for the system to reach an equilibrium state. Since classical MD simulations cannot capture quantum effects, which are important at low temperature, we employ the temperature rescaling method 15 to account for quantum corrections. Three different structures with various low-index surfaces are constructed: Si͑100͒, Si͑110͒, and Si͑111͒. With Tersoff potential, for the ideal Si͑110͒ and Si͑111͒ surfaces, the surface structure remains stable between the temperature range of 0-1500 K. The ideal Si͑100͒ surface is not stable when the temperature is higher than 200 K and the symmetric 2 ϫ 1 reconstructed structure is automatically formed. In this paper, we use the symmetric 2 ϫ 1 reconstructed surface for the Si͑100͒ structure instead of the ideal Si͑100͒ surface. The top view and the side view of the three different orientations near the surface are shown in Fig. 1 . The big dark symbols in the figures represent the surface atoms and the small light symbols represent the neighbors in the slab. We can observe from the figure that regardless of the surface orientation, every surface atom has three neighbor atoms with one dangling bond left free. When hydrogen passivation of the surface is considered with the Si-H interatomic potential, 16 the results indicate that the influence of hydrogen passivation on the thermal relaxation of silicon atoms can be negligible. In addition, with hydrogen passivation, the time step in MD simulations needs to be very small in order to maintain the Si-H bond. In this study, we consider the silicon surface without hydrogen passivation.
The initial configuration of the various structures in MD simulations are generated with the lattice constant a 0 = 5.432 Å. Table I lists the dimensions of all the structures simulated. The in-plane size of the three structures is large enough to approximate the infinite in-plane with periodic boundary conditions. For each surface orientation, we simulate five to seven different slab thicknesses ranging between 0.3 and 5.0 nm. All atoms having the same coordinate along the thickness direction are referred to as one layer of atoms. In Table I , the numbers in the parenthesis refer to the number of atom layers along the thickness direction of each structure.
III. VIBRATION AMPLITUDES
In experiments, vibrational properties of surface atoms can be studied with different techniques, such as He-atom scattering, surface infrared spectroscopy, etc. Thermal fluctuations of surface atoms play an important role in the dynamical processes of surface atoms. The root mean square vibrational amplitude ͑rmsVA͒ ͗u ␣ 2 ͘ 1/2 , about the equilibrium position of a surface layer, is computed as
where ␣ = x , y , z denotes the spatial direction, n s is the number of atoms on the surface layer, r ␣,i ͑t͒ are the time ͑t͒ dependent coordinates of atom i in ␣ direction, and ͗·͘ denotes the time average. The variation of rmsVA with temperature for Si͑110͒, Si͑111͒, and Si͑100͒2 ϫ 1 surface atoms is shown in Fig. 2 . The variation of rmsVA with temperature for bulk silicon atoms is also shown in the figure for comparison. Regardless of the orientation, the rmsVA of surface atoms increases faster with temperature compared to the rmsVA of a bulk atom. For the surface atoms, the out-of-plane rmsVA shows the strongest temperature dependence among all the three directions. The anisotropy between out-of-plane and in-plane rmsVA grows quickly with temperature. The magnitude of rmsVA for Si͑100͒2 ϫ 1 surface matches with the results obtained from tight-binding calculations. 4 Of the three surfaces, Si͑111͒ surface has the largest anisotropy between the outof-plane and in-plane vibrations. Moreover, the rmsVA of surface atoms in the thickness direction of the Si͑111͒ surface has the highest magnitude. This is because the Si͑111͒ surface has the lowest surface atom density, which implies that the vibration of loosely packed surface atoms has larger amplitude. In the in-plane directions, since both Si͑111͒ and Si͑100͒2 ϫ 1 surfaces have uniform atom densities, the rmsVAs of surface atoms along these two directions are similar. However, for Si͑110͒ surface, since the surface atoms are more densely packed in the ͓110͔-direction than in the ͓001͔-direction ͓see Fig. 1͑b͔͒ , the rmsVAs along these two directions are different. The variation of rmsVA in the out-of-plane direction as a function of temperature for different slab thicknesses of Si͑110͒, Si͑111͒, and Si͑100͒2 ϫ 1 is shown in Fig. 3 . For slab thickness over 1.0 nm, the variation of rmsVA with temperature is independent of slab thickness for all the three different surface orientations. However, for thicknesses below 1.0 nm, the thinner is the slab thickness, the higher is the magnitude of rmsVA, regardless of the surface orientation. When the slab thickness becomes quite small, the flatness and lattice structure of the silicon slab may not be maintained. For example, Fig. 4͑a͒ shows the initial lattice structure of a 0.384 nm thick slab with Si͑110͒ surface at 1000 K. Figure 4͑b͒ shows a snapshot of the same slab when the structure attains the full relaxation state. We note that the structure is no longer flat and exhibits some bending. Similarly, Fig. 4͑c͒ shows the initial lattice structure of a 0.367 nm thick slab with Si͑100͒2 ϫ 1 surface at 1000 K. Figure  4͑d͒ shows a snapshot of the same structure after the system has attained the equilibrium state. We again observe that the shape and structure of the lattice have been totally reconstructed and the initial atomic configuration is no longer maintained.
IV. LATTICE CONSTANT
In order to investigate the size dependence of thermal properties such as lattice constant and thermal expansion coefficient, for each surface orientation, we performed MD simulations with different slab thicknesses for temperatures between 0 and 1500 K. For a bulk system at equilibrium, the lattice constant is identical in all the three directions. However, for a finite thickness structure, since the two surfaces on the top and bottom of the slab break the symmetry of the lattice structure along the thickness direction, the relaxed interlayer spacings are no longer homogeneous. For a finite thickness structure at equilibrium, the lattice constant along the thickness direction can vary with location. Table II nesses with three different surface orientations when the temperature equals 300, 600, and 900 K. As the slab thickness increases, the average lattice constant increases and converges to the bulk value. For a given slab thickness, as the temperature increases, the average lattice constant increases. In order to clearly understand how the atom locations vary along the thickness direction of a finite thickness slab, we compute the interlayer distance, which is defined as
where n i and n i+1 are the number of atoms on layer i and layer i + 1, respectively. r ␣,j is the coordinate of atom j along the thickness direction ␣ and d i,i+1 is the interlayer distance between layer i and i + 1. Using the 4.993 nm thick silicon slab with Si͑110͒ surface as an example, Fig. 5 shows the variation of interlayer distance for different temperatures. The interlayer distance of the surface atoms is much smaller compared to the interlayer distance of inside atoms because of the asymmetry of bond forces on the surface atoms. Furthermore, since silicon is a diamond structure, the asymmetry of the surface structure influences the interlayer distance of the first four layers of atoms near the surface. Inside the slab, the interlayer distance does not change. The interlayer distance increases with temperature. However, the increase in interlayer distance with temperature for surface atoms is smaller compared to that of the atoms inside the slab. We observed similar results with Si͑100͒2 ϫ 1 and Si͑111͒ surfaces.
V. TEC
Thermal expansion is the tendency of matter to change in volume in response to a change in temperature. Linear TEC ␣͑T͒ is a function of temperature T and can be defined as
where l͑T͒ is the length of the system at temperature T and l 0 is the length of the system at temperature T = T 0 . Here we use T 0 = 0 K. For conciseness, in the following, we express ␣͑T͒ and l͑T͒ as ␣ and l. To investigate how the structure expands with temperature along the finite thickness direction, when the slab thickness is larger than 1.0 nm, the structure is decomposed into two surface regions and one bulk region, as shown in Fig. 5 . Thus, we can define the thickness of the silicon slab l as the sum of the surface region thickness l s and the bulk region thickness l b , i.e.,
where d s and d b are the average interlayer distances in surface and bulk regions, respectively. is a parameter that defines the number of layers in the surface region and h defines the number of layers in the bulk region of the slab. For Si͑111͒ surface orientation, since the interlayer distance alternates between two values d 1 and d 2 , we define the inter- layer distance as d = d 1 + d 2 for both the surface and the bulk regions. For Si͑110͒, Si͑111͒, and Si͑100͒2 ϫ 1 surface orientations, the value of is 3, 2, and 2.8544, respectively. Substituting Eq. ͑4͒ into Eq. ͑3͒, we obtain
͑5͒
For the surface and bulk regions of the structure, the thermal expansion coefficients ␣ s and ␣ b can be defined as
where l s 0 , l b 0 , d s 0 , and d b 0 are the lengths of the surface region, bulk region, the average interlayer distance of the surface region and the bulk region, respectively, at temperature T 0 . Figures 6 and 7 show the variation of the normalized average interlayer distance with temperature for both the bulk and the surface regions when the slab thickness is over 1.0 nm. We found that the TEC ͑slope of the curve͒ is independent of the size of the slab, for both the bulk and the surface regions. The normalized lattice constant of the bulk region matches with the normalized lattice constant of bulk silicon. For the surface region, the variation of the normalized lattice constant with temperature deviates from that of the bulk. By fitting a fifth-order polynomial to the data shown in Figs. 6 and 7, we compute the thermal expansion coefficients ␣ s and ␣ b by using Eq. ͑6͒. The variation of ␣ s and ␣ b with temperature for different surface orientations is shown in Fig. 8 . The TEC of the bulk region is independent of both the size and the surface orientation of the structure. However, ␣ s varies with the surface orientations. Substituting Eq. ͑6͒ into Eq. ͑5͒, we obtain the relationship between ␣, ␣ b , and ␣ s as
as the ratio of average interlayer distance of bulk region to the surface region of the structure at T 0 . Figure 9 shows the variation of K with the slab thickness for the three different surface orientations. We observe that for each surface orientation, the variation of K with thickness is negligible, implying that K is almost independent of the slab thickness. Moreover, from Fig. 9 , for Si͑110͒, Si͑111͒, and Si͑100͒2 ϫ 1 surface orientations, the value of K is 1.0152, 1.0057, and 1.0528, respectively. Since the variation of K with respect to the surface orientations is quite small 0 500 1000 1500 1 
where t = h / ͑2 + h͒ is the ratio of the thickness of the bulk region to the total thickness of the structure. For each specified temperature, once ␣ b and ␣ s are calculated, the variation of the TEC with the size of the structure can be predicted using Eq. ͑8͒. Figure 10 shows the comparison between the TEC obtained from MD and analytical approach ͓Eq. ͑8͔͒ at T = 300 K, T = 600 K, and T = 900 K for the different surface orientations. Note that the analytical expression is used only for slab thicknesses larger than 1.0 nm. As shown in Fig. 10 , for larger than 1.0 nm slab thicknesses, the TEC of silicon slab increases with thickness and converges to the bulk value, regardless of the surface orientation. We note that the results from the analytical expression ͓Eq. ͑8͔͒ compare well with MD data, as shown in Fig. 10 . For slab thicknesses less than 1.0 nm, the TEC can be quite sensitive to both the surface orientation and the slab thickness.
VI. CONCLUSIONS
In this paper, we investigated the size and surface orientation dependence of thermal properties by using classical MD simulations based on the Tersoff interatomic potential. We found that regardless of the surface orientation, the variation of the surface rmsVA with temperature is independent of the slab thickness when the thickness is over 1.0 nm. The surface TEC and the bulk TEC are also independent of the slab thickness. When the thickness is over 1.0 nm, the surface TEC varies with the surface orientation, while there is no such dependence on the bulk thermal expansion coefficient. When the slab thickness is less than 1.0 nm, both the rmsVA and TEC of the structure along the thickness direction can strongly depend on the surface orientation and thickness. Finally, we also developed an analytical expression for the variation of TEC with size and we show that the results from the analytical expression match well with MD results. 
